Obesity and a nondipping circadian blood pressure (BP) pattern are associated with diastolic dysfunction. Ectopic lipid accumulation is increasingly recognized as an important metabolic abnormality contributing to diastolic dysfunction. However, little is known about the contribution of different lipids and the composition of lipid analytes to diastolic dysfunction. We have performed functional and structural studies and analyzed cardiac lipid profile at two time points during progression to diastolic dysfunction in a genetic model of obesity. Serial cardiac magnetic resonance imaging and telemetric measures of BP between 12 and 15 wk of age in obese male db/db mice indicated a nondipping circadian BP pattern and normal diastolic function at 12 wk that progressed to a deteriorating nondipping pattern and onset of diastolic dysfunction at 15 wk of age. Lipidomic analysis demonstrated elevated fatty acids and ceramides in db/db at 12 wk, but their levels were decreased at 15 wk, and this was accompanied by persistent mitochondrial ultrastructural abnormalities in concert with evidence of increased fatty acid oxidation and enhanced production of reactive oxygen species. Triacylglyceride and diacylglyceride levels were elevated at both 12 and 15 wk, but their composition changed to consist of more saturated and less unsaturated fatty acyl at 15 wk. An increase in the lipid droplets was apparent at both time points, and this was associated with increases in phosphatidycholine. In conclusion, a distinct pattern of myocardial lipid remodeling, accompanied by oxidative stress, is associated with the onset of diastolic dysfunction in obese, insulin-resistant db/db mice. (Endocrinology 154: 159 -171, 2013) 
D
iastolic dysfunction is often the earliest functional cardiac abnormality associated with obesity (1) (2) (3) . The obese population has a high incidence of insulin resistance, which is an important risk factor for progression to diabetes. Insulin resistance is associated with elevated blood pressure (BP) (4) , and the development of hypertension may initially be manifested as a loss of nocturnal BP dipping in the absence of elevated BP in the awake, active state (5) . Indeed, this state of nondipping is often associated with abnormal cardiac structural and functional changes (6, 7) . Chronic overnutrition also promotes insulin resistance in adipose tissue that results in disruption of whole-body lipid homeostasis that is due, in part, to reductions in the capacity of adipose tissue to store excess fat. This leads to a condition of dyslipidemia and ectopic deposition of fat in peripheral tissues, including the heart (8 -10) . The abnormal accumulation of fat in cardiomyocytes, or cardiac steatosis, suggests alterations in local homeostatic mechanisms that may initially be protective yet toxic if the condition persists (11) . Importantly, cardiac steatosis is associated with impaired substrate metabolism characterized by altered fatty acid ␤-oxidation (FAO) (11) (12) (13) . Although cardiac steatosis has been linked to development of diastolic dysfunction in type 2 diabetic individuals (14, 15) , the contribution of distinct lipid classes and the composition of lipid analytes in relation to diastolic dysfunction is not well known.
In the current investigation, we hypothesized that ectopic myocardial lipid deposition due to obesity-related insulin resistance would lead to quantitative and qualitative alterations in myocardial lipids. We further posited that changes in the myocardial lipid profile in concert with a nondipping circadian pattern of BP contribute to the onset of diastolic dysfunction. To test this notion, we examined the LepR db/db mouse model (db/db) of diabetic cardiomyopathy that exhibits a mutation in the leptin receptor that results in hyperleptinemia. It also exhibits a nondipping blood pressure pattern and diastolic dysfunction; these features of metabolic disease are also observed in obese and insulin-resistant humans (16 -20) . After a preliminary cardiac function testing using high-resolution cine-magnetic resonance imaging (cMRI) to determine an approximate time course to onset of diastolic dysfunction, two time points were chosen, the first (12 wk of age) corresponding to normal diastolic function and the second (15 wk of age) corresponding to the first detection of diastolic dysfunction. We have integrated cardiac function parameters, radiotelemetric BP monitoring, cardiac lipidomics, and measures of oxidative/nitrosative stress to evaluate the transitional relationship between loss of BP dipping, abnormal cardiac lipid deposition, and diastolic dysfunction. Our investigation shows that quantitative changes in cardiac lipid levels and, perhaps most importantly, their fatty acid composition, in concert with an altered capacity for fatty acid use/oxidation, increased oxidative/nitrosative stress, and mitochondrial structural abnormalities, are collectively associated with progression to diastolic dysfunction.
Materials and Methods
All animal procedures were approved by the University of Missouri Institutional Animal Care and Use Committee and the Harry S. Truman Veterans Affairs Memorial Hospital subcommittee for animal safety. Eight-week-old male db/db (leptin receptor mutant) and db/wild-type (WT) were purchased from Jackson Labs (Bar Harbor, ME) and were housed under standard laboratory conditions in which the room temperature was 21-22 C and light and dark cycles were 12 h each.
In vivo cMRI
Noninvasive high-resolution MRI scans were performed on two cohorts of mice that were approximately 12 and 15 wk old using a 7T horizontal bore MRI (Agilent Technologies, Palo Alto, CA) equipped with a 38-mm birdcage radiofrequency coil as previously described (21) .
Telemetric BP monitoring
To monitor ambulatory BP, heart rate (HR), BP dipping status, and spontaneous cage activity during light and dark cycles (counts of lateral movement per minute), we placed catheters attached to radiotransmitters (TA11PA-C40; Data Sciences International, St. Paul, MN) in the carotid artery of a subset of 10-wk-old WT and db/db mice as previously described (22, 23) . It should be noted that although humans are diurnally active and exhibit nocturnal BP dipping, rodents are nocturnally active and normally exhibit diurnal BP dipping. Therefore, a normal BP dipping pattern for rodents is defined as a decrease in diurnal BP of 10% or greater relative to nocturnal BP. On the other hand, a nondipping circadian BP pattern occurs when the diurnal decrease in the BP is less than 10%.
Blood biochemistry
Before the animals were killed, a venous blood sample was collected under isoflurane anesthesia from a subset of 12-and 15-wk-old WT and db/db mice that had been fasted for 5 h. Plasma glucose levels were measured by an automated hexokinase glycerol-6-pyruvate dehydrogenase assay, and insulin levels were assessed using an ELISA kit specific for rat insulin using previously established protocols (21) . Whole-body insulin resistance, as assessed by the homeostasis model of assessment for insulin resistance (HOMA-IR), was calculated by taking the product of the fasting values of glucose (millimoles per liter) and insulin (microunits per milliliter) and dividing by 22 (21) .
Myocardial whole-cell extract and subcellular fractionation
Tissue samples were flash frozen at autopsy and stored at Ϫ80 C. Left ventricular (LV) samples were homogenized in ice-cold homogenization buffer containing 250 mM sucrose, 50 mM HEPES, 0.5 mM EDTA, 1 protease inhibitor cocktail tablet, 200 mM sodium orthovanadate, and 50 mM sodium pyrophosphate. The homogenates were centrifuged at 2500 ϫ g for 10 min. Insoluble pellets were discarded, and supernatants were again ultracentrifuged at 19,000 ϫ g for 60 min. The resulting pellets were collected as enriched mitochondrial fractions, and the supernatants were again ultracentrifuged at 33,000 ϫ g for 90 min. The final supernatant was collected as the cytosolic fraction. Okadaic acid (Acros Organics, Morris Plains, NJ) was added to each mitochondrial and cystosolic sample at a final concentration of 0.1 M. Protein concentrations were determined using a bicinchoninic assay protein assay kit (Thermo Scientific, Rockford, IL). -47778) ]. The binding of the antibodies was detected by chemiluminescence, and images were recorded using a Bio-Rad ChemiDoc XRS image analysis system (Bio-Rad Laboratories, Santa Cruz, CA). The quantitation of protein band density, normalized to the density of total protein via amido black stain for enriched mitochondrial fractions or ␤-actin for cytosolic fractions, was performed using Image Lab software (Bio-Rad Laboratories).
Western blotting

Enzyme activities
Citrate synthase and ␤-hydroxyacyl-CoA dehydrogenase (␤-HAD) activities were measured from LV mitochondrial enriched extracts and expressed as nanomoles per minute Ϫ1 per milligram Ϫ1 using previously established procedures and all data are expressed as a percent of WT within each age group (23, 24) .
Lucigenin-enhanced chemiluminescence
Superoxide anions were measured via the lucigenin-enhanced chemiluminescence method, as previously described (25) , and all reactive oxygen species (ROS) data are expressed as a percent of WT within each age group.
3-Nitrotyrosine (3-NTY)
To assess the level of the oxidative damage to proteins, samples of LV were harvested, fixed, embedded in paraplast, sectioned, and evaluated for 3-NTY residue using immunofluorescence microscopy as previously described (23) . Gray-scale intensity was measured within a fixed sized region of interest rectangle as previously described.
Tissue lipid analysis
LV plus septum was rinsed in chilled PBS, blotted dry, flash frozen in liquid nitrogen for storage at Ϫ80 C, and were subsequently pulverized at the temperature of liquid nitrogen. Lipids were sequentially extracted by the method of Bligh and Dyer (26) in the presence of an internalstandardforfattyacids(FA),triacylglyceride(TAG),lysophosphatidylcholine (LPC), phosphatidylcholine (PC), sphingomyelin (SM), phosphatidylethanolamine (PE), ceramide (CE), diacylglyceride (DAG), and cholesteryl ester (CE) that included eicosanoic acid, triheptadecenoin, 1-0-heptadecanoyl-sn-glycero-3-phosphocholine, 1,2-dieicosanoyl-sn-glycero-3-phosphocholine, N-heptadecanoylsphingomyelin, 1,2-ditetradecanoyl-sn-glycero-3-phosphoethanolamine, N-heptadecanoyl-ceramide, 1,2-dieicosanoyl-sn-glycerol and cholesteryl heptadecanoate, respectively. Extracted lipids were resuspended and diluted in methanol/chloroform (4:1, by volume) before analysis by electrospray ionization-mass spectrometry using a Thermo Electron TSQ Quantrum Ultra instrument (San Jose, CA). Samples were analyzed as sodiated adduct positive ions and deprotonated negative ions using a shotgun lipidomics approach. For PC and SM, neutral loss (NL) scanning of 59.1 was monitored at collision energy of Ϫ28 eV in the positive ion mode. NL scanning of 368.5 was performed for CE molecular species at collision energy of Ϫ25 eV in positive ion mode. Precursor ion scanning for PE (m/z 196) and neutral loss scanning for ceramide (NL 256.2) was performed in the negative ion mode at collision energies of 50 and 32 eV, respectively.
FA and TAG were assessed by survey ion scans of negativeand positive-ion scans, respectively. DAG molecular species were quantified in positive ion mode using selected reaction monitoring of individual molecular species of the sodiated ion transitioning to the sodiated FA (with the saturated FA chosen as the stable product ion), using the paradigm previously used to assess lithiated DAG molecular ions (27) . Individual molecular species were quantified by comparing the ion intensity of individual molecular species to that of the appropriate internal standards after corrections for type I and type II 13 C isotope effects (28) . Additional corrections were made from response curves for CE molecular species (27) and algorithms derived for TAG molecular species (29) .
Statistical procedures
Results are reported as the mean Ϯ SE. Differences in outcomes between db/db and db/WT mice were determined using t tests or two-way ANOVA and were considered significant when P Ͻ 0.05. Repeated-measures ANOVA was used to analyze some telemetric derived BP data. All statistical analyses were performed using Sigma Plot (version 12) software (Systat Software, Point Richmond, CA).
Results
Experimental parameters
Body weight of db/db mice was approximately double that of age-matched WT mice in both age groups (P ϭ 0.001; Table 1 ), and the percent increase in body weight between 12 and 15 wk of age was 6.2 Ϯ 2.2 vs. 15.2 Ϯ 3.0% for WT and db/db mice, respectively (P Ͻ 0.05). Heart weight normalized to tibia length did not differ among groups despite a slight but significant increase in tibia length with age (P ϭ 0.001) that was mostly apparent within the db/db strain (P Ͻ 0.05). Fasting plasma glucose and insulin concentrations were elevated in db/db mice at both ages compared with WT (Table 1) . Whole-body insulin resistance, as assessed by HOMA-IR, was evident at both ages in db/db mice. It should be noted that our use of a brief period of isoflurane anesthesia during acquisition of fasting plasma glucose levels results in above normal values for both strains of rats. Thus, the data should be interpreted in the context of relative rather than absolute values.
cMRI evaluation of LV function
Cardiac MRI was performed at 12 and 15 wk of age, and results are listed in Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org (supplemental material available online with this article). The LV of 15-wk-old db/db mice exhibited a reduction in peak filling rate (P Ͻ 0.05), but not initial (P ϭ 0.07) filling rate, as well as prolonged diastolic relaxation time (P Ͻ 0.05) indicative of diastolic impairment (Fig. 1, A-D) . Peak ejection rate, a systolic parameter, was slightly decreased in db/db mice at 15 wk of age compared with WT (P Ͻ 0.05). These abnormalities were not apparent at 12 wk of age. Collectively these data indicate no differences in LV diastolic and systolic function between WT and db/db mice at 12 wk of age but do show that 15-wk-old db/db mice exhibit abnormalities in both diastolic and systolic function compared with WT.
BP telemetric parameters
Between 12 and 15 wk of age, there were age-related trends, indicating graded increases in systolic BP (SBP), diastolic BP, and mean arterial pressure (MAP) during the light cycle in the db/db; however, the differences in light cycle BP within the db/db strain between 12 and 15 wk of age were statistically significant for MAP only (P Ͻ 0.05). No such BP age-related trends were observed within WT mice. At 15 wk of age, SBP and MAP during the light cycle were higher in db/db compared with 15-wk-old WT mice (P Ͻ 0.05) ( Fig. 2A) . Upon evaluation of BP dipping status, i.e. the percent decrease in BP from the dark to the light cycle, we observed that the WT mice exhibited a normal pattern of systolic BP, diastolic BP, and MAP dipping during the light cycle (Fig. 2B) . On the other hand, SBP, diastolic BP, and MAP dipping occurred in db/db mice at all ages studied, but the magnitude of changes at 15 wk in these outcomes were lower, although not statistically significant. These data suggest that a nondipping BP pattern already exists in 12-wk-old db/db mice and deteriorates further at 15 wk of age. HRs during the light and dark cycles were significantly higher in WT mice between 12 and 14 wk of age but were not different at 15 wk of age. HR was higher for both strains during the dark cycle. HR decreased with age in WT but not db/db mice.
Metabolic shifting, myocardial oxidative capacity, and mitochondrial remodeling Capacity for FAO
To evaluate the oxidative capacity of myocardial mitochondria, we measured the activities of ␤-HAD and citrate synthase, respectively, in mitochondrial extracts. ␤-HAD activity, a marker of FAO, and citrate synthase activity, a marker of trichloroacetic acid cycle activity used to assess the aerobic capacity of mitochondria, were elevated in the myocardium of 15-wk-old db/db mice (Fig. 3,  A and B) . It is noteworthy that the magnitude of increase in ␤-HAD activity at 15 wk of age in the db/db heart is greater than the increase in citrate synthase activity (i.e. 3-fold vs. 2-fold). 
Myocardial oxidative stress
There was a significant increase in ROS in the db/db heart compared with WT (strain effect, P ϭ 0.005), and this was most evident at 15 wk of age (P ϭ 0.004) (Fig.  3C ). There was a nearly significant effect of age on the level of ROS (P ϭ 0.06), and this was primarily due to an increase in ROS in 15-wk-old db/db hearts compared with 12-wk-old db/db hearts (P ϭ 0.04). 3-NTY immunofluorescence did not vary with age in the LV of WT mice; however, the 3-NTY level was similarly elevated in db/db strain compared with WT at both 12 and 15 wk of age (Fig.  3, D and E ). There were no differences in nicotinamide adenine dinucleotide phosphate oxidase activity in myocardial plasma membrane extracts between the mouse strains at either time point (not shown), suggesting that the burden of oxidants is mostly derived from mitochondria.
Mitochondrial ultrastructural remodeling
The ultrastructural arrangement in LV cardiomyocytes consists of a row of sarcomeres alternating with a row of intermyofibrillar mitochondria (imf-Mt) with well-defined cristae matrix structure and few cytosolic lipid droplets as observed in our WT controls using transmission electron microscopy (Fig. 4, A and B) . This ultrastructural arrangement was disrupted in the db/db mice (Fig. 4, C  and D) . Specifically we observed an increase in imf-Mt and lipid droplet numbers in the db/db myocardium at 12 and 15 wk that was associated with the disruption of the normal cardiomyocyte sarcomere arrangement. In the db/db heart, the imf-Mt morphology was markedly deranged and there were numerous breaks and loss of mitochondrial cristae associated with the loss of mitochondrial matrix (Fig. 4C, inset) .
Pattern of myocardial lipid accumulation in db/db mice
Changes in individual lipid classes
We used electrospray ionization-mass spectrometry to identify and quantify individual lipid species in LV tissue from 12-and 15-wk-old WT and db/db mice (Figs. 5-7 and Supplemental Figs. 1 and 2 ). Total FA content was 53% (P Ͻ 0.01) and 48% (P Ͻ 0.05) greater in db/db hearts at 12 and 15 wk of age, respectively, compared with age-matched WT mice (Fig. 5A) . However, compared with the 12-wk-old hearts, FA content in 15-wk-old WT and db/db hearts declined by 61 and 62%, respectively, compared with those at 12 wk of age (P Ͻ 0.05 in both strains). Total TAG content was 277% (P Ͻ 0.0001) and 126% (P Ͻ 0.01) greater in db/db hearts at 12 and 15 wk of age, respectively, compared with WT at each age (Fig.  5B ). Unlike FA, there was no age-dependent change in TAG content in db/db hearts between 12 and 15 wk of age; however, total TAG content of 15 wk old WT hearts was 91% greater compared with 12-wk-old WT (P Ͻ 0.05).
To examine whether there is evidence to support impaired lipolysis in the db/db myocardium, we measured protein levels of ATGL and HSL. The protein levels of ATGL, the enzyme that hydrolyzes TAG to DAG, did not differ between strains at either time point (Fig. 5C ). We also examined the levels of DAG, which have been implicated in obesity-induced cardiac insulin resistance (30) . Total content of DAG was 275 and 168% greater (both P Ͻ 0.001) in db/db hearts at 12 and 15 wk of age (Fig.  5D) , respectively, although the DAG content decreased by 26% between 12 and 15 wk old db/db hearts (P Ͻ 0.001). We also determined protein levels of total and phosphorylated (activated) HSL, the enzyme that hydrolyzes DAG to monoacylglyceride, in 12-and 15-wk-old hearts. The relative levels of serine (563) phosphorylated HSL and serine (660) phosphorylated HSL were decreased (P Ͻ 0.05) in db/db mice at both 12 and 15 wk of age (Fig. 5, E and F) .
Total Cer content varied significantly between WT and db/db mice (Fig. 5G) . Total Cer did not change with age in WT hearts but was 33% (P Ͻ 0.01) greater in db/db hearts at 12 wk of age compared with WT. However, Cer levels decreased in 15-wk-old db/db mice, resulting in no differences with WT mice at 15 wk of age. The SM content varied significantly between the strains and was elevated in older mice of both strains (Fig. 5H) . SM was 35 and 30% higher (both P Ͻ 0.05) in db/db hearts at 12 and 15 wk of age, respectively, compared with their WT counterparts.
Myocardial PC content varied significantly between the strains and was elevated in older mice (Fig. 5I) . Total PC content was 44% (P Ͻ 0.01) and 27% (P Ͻ 0.05) greater in db/db hearts at 12 and 15 wk of age, respectively. Total LPC was 53% (P Ͻ 0.01) greater in db/db hearts at 12 wk of age, whereas there was no strain-related difference in LPC content at 15 wk of age (Fig. 5J) . Total PE content was elevated in 12-wk-old db/db mice (P Ͻ 0.05; Fig. 5K ) but was not different at 15 wk in the db/db strain, although the strain effect did not reach significance (P ϭ 0.08). The PC to PE ratio was 20% (P Ͻ 0.01) greater in db/db hearts at both 12 and 15 wk of age compared with WT (Fig. 5L) .
Changes in fatty acyl composition
Although myocardial steatosis involves increases in the total content of a number of lipid classes, this information may not be specific enough to identify toxic or salutary lipid intermediates that affect cardiac function. Changes in FA composition in db/db and WT hearts at 12 and 15 wk are shown in Fig. 6A . Although the magnitude of total FA content was lower at 15 wk of age in both strains (Fig. 5) , five of the nine individual free FA molecular subspecies (C 14:1 , C 16:1 , C 16:0 , C 18:1 , and C 20:4 ) were elevated (P Ͻ 0.05) in 12-wk-old db/db hearts and six of nine (C 14:1 , C 16:1 , C 16:0 , C 18:1 , C 20:4 , and C 22:6 ) were elevated in 15-wk-old db/db hearts, respectively. In contrast to the pattern of FA distributions, TAG subspecies showed distinct changes in 15-wk db/db hearts compared with 12-wk db/db mice (Fig. 6B) . The accumulation of TAG with lower acyl chain number was more pronounced in the 15-wk db/db hearts (Fig. 6B) . To examine this further, we plotted the db/db to WT lipid ratio as a function of either acyl-chain carbon number or acyl-chain double-bond number (Fig. 7) . In the LV of 12-wk-old db/db mice, there was no relationship between TAG ratio plotted as a function of acyl-chain carbon number (P ϭ 0.847) and a slightly positive, but nonsignificant, relationship between TAG ratio and acyl-chain double-bond number (P ϭ 0.185; Fig. 7, A and C) . On the other hand, in 15-wk-old db/db hearts relative to WT, we observed significant negative linear relationships in which TAGs of relatively low acyl-chain carbon content (R 2 ϭ 0.54; P ϭ 0.004) and double-bond number (R 2 ϭ 0.58; P ϭ 0.003) were elevated (Fig. 7, B and D) . In addition to intracardiac TAG fatty acid composition, we also examined the composition of FAs in DAGs. To our knowledge, the significance of changes in the composition of DAG has not been examined during progression to diastolic dysfunction in cardiac tissue. Although DAG content decreased slightly, but significantly between 12 and 15 wk of age in the db/db heart, the total content of DAG at 15 wk of age was still higher in db/db mice compared with WT (Fig. 5) . Moreover, the accumulation of FA species with lesser degree of unsaturation remained elevated, whereas DAG species with higher unsaturation were significantly decreased in the db/db hearts at 15 wk compared with 12-wk db/db (Supplemental Fig. 1 ). We also analyzed FA composition of Cer. Seven (C 16:0 , C 18:0 , C 18:1 , C 20:0 , C 22:1 , C 23:0 , and C 24:1 ) of the nine individual Cer species were elevated (P Ͻ 0.05) in 12-wk-old db/db hearts and four of the nine (C 16:0 , C 18:0 , C 18:1 , and C 23:0 ) were elevated at 15 wk of age in db/db (Supplemental Fig. 2 ).
Discussion
In humans, the earliest hemodynamic abnormality associated with obesity/overnutrition is a nondipping circadian BP pattern, and this is associated with diastolic dysfunction (1-3) . In this investigation, we report quantitative and qualitative changes in the myocardial lipodomic profiles in a mouse model of obesity and insulin resistance before and after the development of diastolic dysfunction. Previous reports document in vivo cardiomyopathy in db/db mice using cardiac magnetic resonance imaging (20) , echocardiography (31), and direct cardiac catheterization (32) . Using high-resolution cMRI, we determined that db/db mice exhibit normal diastolic function at 12 wk of age with transition to impaired diastolic function shortly thereafter at 15 wk of age. Specifically we observed a reduction in peak filling rate, as well as prolonged diastolic relaxation time, both of which are indicative of diastolic dysfunction. Despite detection of several abnormal cardiac functional parameters, LV ejection fraction was preserved. Abnormal circadian BP patterns have also been related to cardiac dysfunction in the setting of overweight/ obesity (7, 18, 19, 33, 34) . Although the changes in BP dipping status for the db/db mice did not vary significantly among the ages studied, the light cycle increases in SBP and MAP in db/db at 15 wk of age compared with WT mice suggest progressive deterioration of nondipping BP in db/db mice Our findings suggest an association between a worsening nondipping BP pattern and diastolic dysfunction. In this regard, the independent association between a nondipping BP pattern and cardiac diastolic dysfunction, in the absence of significant LV hypertrophy observed in the present study, is consistent with a recent report in normotensive humans with diastolic dysfunction who were nondippers (33) .
Mitochondrial remodeling and dysfunction contribute to abnormalities in diastolic relaxation in the setting of overnutrition (35) (36) (37) . The abnormal myocardial mitochondrial ultrastructure observed in 12-and 15-wk-old db/db mice, characterized by increased numbers of mitochondria with a high incidence of distortion of the cristae matrix, is consistent with our previous observations in insulin resistant Zucker obese rats with diastolic dysfunction (21) . The initiating events contributing to mitochondrial dysfunction in the setting of obesity are thought to result from increases in myocardial FA uptake and oxidation, leading to a state of reduced metabolic ( energy   FIG. 4 . Abnormalities in sarcomere and mitochondrial ultrastructure in 12-and 15-wk-old db/db mice compared to age-matched WT mice. Transmission electron micrographs (12 wk ϭ 1000ϫ and 15 wk ϭ 1500ϫ magnification) show that LV myocardial ultrastructure of db/db hearts at both time points exhibit increased numbers of lipid droplets (white arrowheads) and increased numbers of intramyofibrillar mitochondria (white arrows) and disrupted sarcomeric structure (white S). The insets show disrupted mitochondrial cristae structure and loss of matrix in the 12-wk db/db heart compared to WT. substrate) flexibility (38, 39) . Herein we show that the db/db myocardium undergoes chronic lipid accumulation and concomitant elevations in nitrosative stress at both 12 and 15 wk; however, the burden of oxidative stress (ROS) is exaggerated at 15 wk of age and is associated with elevated capacity for FAO. Although ␤-HAD activity is not a direct measure of FAO but indicates the capacity for FAO, ␤-HAD activity in db/db heart was decreased at 12 wk (roughly one third that of WT) but increased at 15 wk of age (ϳ3-fold over WT). These changes were accompanied by increased myocardial content of FA at 12 wk and decreased FA levels at 15 wk of age in db/db hearts and suggest the possibility of impaired oxidation of FA at the earlier time point but enhanced oxidation at the later time point. Moreover, the magnitude of the increase in ␤-HAD activity relative to the increase in citrate synthase activity, an indicator of aerobic metabolism via trichloroacetic acid cycle activity, suggests excessive FAO also contributes to increased oxidative stress. Therefore, progression from low ␤-oxidation to increased ␤-oxidation and enhanced oxidative stress at 15 wk may contribute to diastolic dysfunction. Although increased myocardial FAO, oxidative stress, and diastolic dysfunction have been investigated in db/db mice (40, 41) , in this investigation we report a novel association between a worsening nondipping BP pattern, diastolic dysfunction, and dysregulated FAO with enhanced oxidative stress in 15 wk old db/db mice.
Although experimental models demonstrate that heart-specific lipid accumulation impairs cardiac function (42, 43) , the qualitative and quantitative changes in myocardial lipids during progression to cardiomyopathy has not been examined. In this study, we observed TAG accumulation in 12-and 15-wk-old db/db mice; nonetheless, the normal expression levels of ATGL in db/db mice at both ages suggests that the abnormal increase in TAGs cannot be ascribed to impaired ATGL-mediated hydrolysis to DAG. Moreover, we detected TAG-specific changes in patterns of saturated and unsaturated fatty acyl species in TAG at 15 wk, indicative of a significant decrease in unsaturated FA at 15 wk, whereas the TAG species containing less unsaturated species remained elevated. In this regard, a recent study reported that plasma lipid analytes associated with increased risk of diabetes are predominately associated with saturated and monounsaturated FA (44) . The increase in myocardial TAG can give rise to the accumulation of putative toxic intermediates such as DAG and Cer (45) , which are known to act as lipid second messengers that modify protein kinase C activity, which has been linked to cardiac hypertrophy, diastolic dysfunction, and heart failure (46, 47) . In this study, we examined the levels and FA composition of DAG and Cer. DAG content was higher in db/db mice at both 12 and 15 wk compared with WT mice. The observed accumulation of DAG may be due, in part, to a combination of factors, including ATGL-mediated hydrolysis of TAG to DAG and reduced clearance of DAG caused by impaired activation of HSL (48) . We found that DAG accumulation was accompanied by decreased activation of the lipase, HSL without any changes in ATGL. It should be noted that the DAG levels are increased at 12 and 15 wk compared with WT, but the magnitude of increase was lower at 15 wk. The changes in lipid composition observed in this study reflect whole-cell changes; however, it is possible that the intracellular compartmentalization of lipids is also important for their potential cytotoxic effects (49) . Therefore, concentration of more saturated (toxic) DAG species could actually be increasing in critical cellular compartments, whereas the overall organ concentration of DAG decreases.
We also observed changes in the subspecies composition, indicating a relative increase in saturated and monounsaturated subspecies ( Supplemental Fig. 1 ); thus, it is possible that decreases in the lipid aliphatic composition from polyunsaturated to saturated and monounsaturated aliphatic groups may have profound effects on membrane dynamics and cardiac function (50, 51) . In contrast to DAG accumulation at both 12 and 15 wk, we observed increased Cer content in 12-wk-old db/db hearts compared with WT. With increasing age, Cer content decreased in the 15-wk-old db/db myocardium, whereas the Cer levels were similar in the young and older WT hearts. Only a few studies have examined the association of cardiac Cer levels with cardiac dysfunction in insulin-resistant states (52) (53) (54) . Our studies showing increased myocardial Cer content are only partly in agreement with other studies showing similar results in obese rodents (55) . In fact, previous studies show an increase, a decrease, or no change in Cer levels in either the heart or adipose tissue in obesity and diabetes (42, 43, 52, (55) (56) (57) . In this regard, cardiomyocyte-specific deficiency of serine palmitoyltransferase subunit 2 in mice leads to cardiac dysfunction despite concomitant reduction in Cer levels (58) . Finally, we observed an increase in PC as well as an increase in the PC to PE ratio at 12 and 15 wk in db/db hearts. This may be important, in part, in the context of the observed increases in numbers of lipid droplets (LDs) in the db/db myocardium at both ages. The TAG stored within LDs are surrounded by a phospholipid monolayer consisting largely of PC and a lesser amount of PE. It is possible that the relatively higher levels of myocardial PC may, in part, be a consequence of the greater need for packaging excess TAG in greater numbers of LDs. In this regard, recent studies have implicated an altered synthesis of PC and PE in the accumulation of TAG as well as contractile dysfunction (59, 60) . Additional studies are needed to test whether the types of lipid changes described herein play a role in progression to diastolic dysfunction. Nonetheless, our results support the concept that overnutrition-induced cardiac steatosis, as indicated by a distinct changes in different lipid classes, results in a mismatch between myocardial lipid uptake/use that has deleterious consequences for diastolic function (43, 50) .
In summary, the present study is the first to integrate detailed analyses of in vivo cardiac function, circadian BP dipping status, and myocardial lipid profiles using two distinct time points in obese db/db mice. Data from this investigation suggest that chronic loss of BP dipping, accompanied by lipid accumulation, increased capacity for myocardial mitochondrial FAO, and increased generation of ROS collectively may be the trigger for development of diastolic dysfunction in obesity. Lipodomics may help to identify lipid-driven cardiac metabolic, structural, and functional abnormalities contributed by factors (e.g. renin angiotensin aldosterone system and sympathetic activation) associated with diastolic dysfunction.
FIG. 7.
Myocardial TAG patterns between 12-and 15-wk-old WT and db/db mice (A-D). The content of each lipid species (g · mg Ϫ1 tissue) in db/db mouse hearts was normalized to the corresponding lipid species in WT hearts to obtain a ratio representing the relative content of each lipid. Each data point represents the lipid ratio plotted as a function of either acyl-chain carbon number or acyl-chain double-bond number. Statistical analysis was by linear regression and data from five to six WT and db/db mice were used to generate regressions.
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